Abstract-The very simple approximations used for calculating the threshold voltage shifts for ion-implanted long-channel MOSFET's in classroom discussions are compared to the results of a more exact numerical simulation. Limited experimental measurements are compared to the calculated threshold voltage shifts.
I. INTRODUCTION T HE threshold voltage V, is the nominal value of the gate voltage Vg required to induce a conducting channel at the surface of a MOSFET [1] . An accurate prediction of threshold voltage is required to determine circuit noise margins, speed, and required node voltages. Ion implantation is often used to tailor the threshold voltage to a desired value by selectively changing the doping in the channel region of a MOSFET. Most introductory device physics courses derive the I-V characteristics for long-channel MOSFET's using the gradual channel approximation. Discussions of threshold tailoring are usually limited to approximating the implant as a sheet of charge at the oxidesemiconductor interface [2] [3] [4] ; however, a step approximation for the implanted distribution is sometimes made [ ], [5] .
More sophisticated analytical techniques have, of course, been applied to predicting the threshold shifts due to nonuniform doping profiles [6] [7] [8] . For example, Brews [8] has introduced a simplified method of calculation which does not require a numerical solution to Poisson's equation; he invokes a charge-sheet approximation for the inversion layer and a modified depletion approximation for majority carriers.
More recently, several device physics codes which numerically solve the relevant semiconductor device equations have become available [9] (1) with the variables, having their usual definition, defined in Table I. For specificity, only the implantation of acceptors (boron ions) into the channel will be considered. If it is assumed that the implanted acceptors form a sheet of negative charge just below the silicon surface, the tailored voltage is given by Vt' = Vt + q C co (2) where V, is the threshold voltage before tailoring, Di is the acceptor ion dose in ions/cm2, and Co is the gate oxide capacitance per unit area.
If the implantation cannot be considered as a sheet of charge, the effects of the implanted distribution on the charge in the depletion region must be accounted for. The distribution can be approximated by a step profile to simplify the calculation of depletion charge density at inversion and hence of the threshold voltage [12] . In this approximation, an average concentration Nai and a characteristic depth xi are defined such that the product of N0i and xi is Di. The doping concentration is (Nai + Na) for xi > x > 0 and NAr for x > xi. A reasonable choice for xi is the projected range rp of the implant in the silicon plus one standard deviation [13] .
With The basic formulation of this model includes a twodimensional calculation of the electrostatic potential in the channel region and in the oxide and a one-dimensional calculation of the channel inversion layer current [11] . This simplification is achieved by making assumptions based on the basic semiconductor equations which follow. 
Equation (10) then replaces (5) . Details of these simplifications are given in [ 1] . The drain current in this model is then given by (5) (6) where the electron density n and the hole density p are n = niexp(q(ir -On)/kT) (7) p = niexp(q(p -q)/IkT) (8) and where Shockley-Read-Hall recombination is given by R = -(pn-n'3 (9 TnO(n + ni) + Tpo(p +pi) (9) The symbols have their usual meaning as defined in [11] .
The simplification to a single two-dimensional equation and one-dimensional current flow is achieved by assuming that R = 0, which eliminates (9) , and that the hole quasiFermi potential is pinned at the substrate potential, 4p = KVb. This is then used to replace (8) and eliminate (6) . If, in addition, the channel current is assumed to flow only in a one-dimensional sheet at the surface, the problem is reduced to solving (4) and In order to determine the threshold voltage, the drain current gate voltage characteristics were calculated using (11) and extrapolated to zero current in the triode region.
III. CALCULATIONS AND COMPARISONS TO EXPERIMENT The process modeling code SUPREM [14] was used to simulate the physical characteristics of MOSFET's fabricated with a threshold adjust implant through the gate oxide. The MOSFET parameters are given in Table II . The profile of the implanted channel was obtained from SUPREM as was the effective ion fluence Di in the silicon (accounting for boron stopped in the oxide and the boron redistributed during further processing). The ion implant parameters considered are given in Table III . Fig. I is a plot of the profiles of the 2 X 1011 ions/ cm2 implants at 48 and 96 keV.
The threshold voltage shifts due to the ion implants were calculated using (2) for the charge sheet approximation. Equations (1) (Table II and channel profile details) should improve this agreement. The numerical calculation neglects the effects of field penetration into the source and drain regions. Accounting for these effects would make the model still more realistic by introducing channel length and profile shape correction in the two-dimensional field. However, these corrections would have minimal effect on longchannel devices modeled here.
The charge sheet and step approximations are useful for classroom illustration and for rapid estimates; however, the requirement for more sophisticated analytical techniques or for numerical approaches is clear from the comparisons. Abstract-This paper describes a three semester-hour laboratory-oriented service course in microcomputers which has been taught five times with steadily increasing enrollments. Using Apple computers, students are taught basic microprocessor and microcomputer concepts, as well as interfacing and applications fundamentals. Emphasis is placed upon developing the skills required to effectively communicate with the hardware and software specialists who will be comembers of a design team in the student's major area. Two 1-h lectures and one 3-h laboratory experiment are given each week. Assembly language is used throughout the course, with Basic being introduced for the last two experiments. The number of concepts which can be effectively introduced using the mutual reinforcement of lecture and laboratory is astonishing, including multiple interrupts, elementary real-time signal processing, software drivers, fail-safe techniques, and closed-loop temperature regulation. in microcomputers. Since the course has proven to be highly successful and has resulted in some unexpected benefits to the engineering college and to the department, this paper may be of use to others already teaching or contemplating the addition of such a course.
The original intention was to provide a needed service for seniors and graduate students in the various engineering majors other than electrical. At Iowa, this includes biomedical, chemical, civil, industrial, and mechanical engineering students, and students electing the undesignated degree option. To accommodate graduate students, it was assigned a senior/introductory graduate course number.
With this target group in mind, the course was designed to emphasize elementary microcomputer architecture, instruction sets, and basic interfacing concepts. Since electrical engineering students were already learning these concepts in other courses, electrical engineering undergraduates were not allowed to take the course for technical elective credit.
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